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Three prophage sequences were identified in the Lactobacillus johnsoni strain NCC533. Prophage Lj965 predicted a gene
map very similar to those of pac-site Streptococcus thermophilus phages over its DNA packaging and head and tail
morphogenesis modules. Sequence similarity linked the putative DNA packaging and head morphogenesis genes at the
protein level. Prophage Lj965/S. thermophilus phage Sfi11/Lactococcus lactis phage TP901-1 on one hand and Lactobacillus
delbrueckii phage LL-H/Lactobacillus plantarum phage phig1e/Listeria monocytogenes phage A118 on the other hand
defined two sublines of structural gene clusters in pac-site Siphoviridae from low-GC Gram-positive bacteria. Bacillus subtilis
phage SPP1 linked both sublines. The putative major head and tail proteins from Lj965 shared weak sequence similarity with
phages from Gram-negative bacteria. A clearly independent line of structural genes in Siphoviridae from low-GC Gram-
positive bacteria is defined by temperate cos-site phages including Lactobacillus gasseri phage adh, which also shared
sequence similarity with phage D3 infecting a Gram-negative bacterium. A phylogenetic tree analysis demonstrated that the
ClpP-like protein identified in four cos-site Siphoviridae from Lactobacillus, Lactococcus, Streptococcus, and Pseudomonas
showed graded sequence relationships. The tree suggested that the ClpP-like proteins from the phages were not acquired
by horizontal gene transfer from their corresponding bacterial hosts. © 2000 Academic Press
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Bacteriophage attack has always been a major prob-
lem in industrial fermentation, especially in the dairy
industry (Peitersen, 1991). The economic impact of dairy
phages led to intensive research efforts on phage iso-
lates attacking important dairy starters like Lactococcus
lactis, Streptococcus thermophilus, and various species
of the genus Lactobacillus (Josephsen and Neve, 1998).
These starters constitute evolutionarily related sister
groups of the low GC branch of Gram-positive bacteria.
The evolutionary relationships between dairy bacterio-
phages have not yet been investigated in detail. Until
now we have concentrated our comparative analysis on
different S. thermophilus phages (Bru¨ssow, 1999; Bru¨s-
sow et al., 1998; Desiere et al., 1999a,b, 1998, 1997;
Lucchini et al., 1999a,b,c, 1998; Neve et al., 1998). An
analysis of their structural gene clusters demonstrated a
hierarchy of sequence relationships with sequences
from other Siphoviridae (Lucchini et al., 1998). For both
cos-site (Desiere et al., 1998, 1999a,b) and pac-site S.
thermophilus phages (Lucchini et al., 1998), the most
closely related sequences were found in temperate Si-
phoviridae infecting L. lactis, followed by phages infect-
ing the genera Lactobacillus, Leuconostoc, and Bacillus
(Desiere et al., 1998). The structural gene cluster from S.
thermophilus phage Sfi21 showed, in addition, a genetic
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294organization that resembled that of Siphoviridae infecting
Gram-negative bacteria (e.g., phage lambda), but se-
quence similarities were no longer detected (Desiere et
al., 1999a,b). Such graded relatedness is the hallmark of
any evolving system. These observations could indicate
that the morphogenesis modules from specific lines of
Siphoviridae have an evolutionary history that can be
retraced by comparative sequence analysis. Notably, the
degree of relatedness between phages from some lines
of Siphoviridae appears to correlate approximately with
he evolutionary distance separating their bacterial
osts.
The modular theory of phage evolution has been de-
eloped on the basis of DNA–DNA hybridization experi-
ents with lambdoid Escherichia coli phages in the
re-DNA sequencing era (Botstein, 1980). An initial out-
ine of a sequence-based theory of phage evolution has
een proposed (Hendrix et al., 1999), but any new theo-
etical framework based on phage genomics is limited
y the small number of phage DNA sequences in the
atabase. Currently, there are only about 50 completed
hage genomes in the database. More phage genome
equences and genome comparisons are needed to
laborate upon a sequence-based theory. A supplemen-
ary source of phage sequences can be the bacterial
enome projects. In the present report we provide a
omparative genome analysis of three Lactobacillus
ohnsoni prophage sequences identified in an unfinished
acterial genome project. A comparison with published
hage sequences identified two major evolutionary lines
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295COMPARATIVE GENOMICS OF GENE CLUSTER FROM Lactobacillusfor the late gene cluster within Siphoviridae from Lacto-
bacilli. Representatives from these two lines were also
detected in other genera of low-GC Gram-positive bac-
teria. Both lines demonstrated weak relationships with
Siphoviridae from Gram-negative bacteria. These obser-
vations constrain further hypotheses on the evolution of
Siphoviridae.
RESULTS
Three prophage sequences
Screening of the sequence data covering about 70% of
the ongoing L. johnsoni strain NCC533 genome project
revealed three prophage sequences, Lj965, Lj928, and
Lj771 (GenBank Accession Nos. AF195900, AF195901,
and AF195902). The diagnosis of prophage sequences
was based upon their overall genetic organization and
similarities with phage proteins from the database (Figs.
1, 2, and 3). In two cases we were able to document an
unequivocal transition from phage DNA into bacterial
DNA sequences. This was observed downstream of the
lysin gene of prophage Lj965 where 800 bp of noncoding
DNA was followed by bacterial DNA likely to encode
ClpA and ClpC proteins and a DNA-directed RNA poly-
merase. This was also observed downstream of the lysin
gene from Lj771, which was followed by bacterial DNA
with links to PemK and a methionine sulfoxide reductase.
Therefore, 40 kb of likely phage sequences in NCC533
(2% of its estimated 1.8-Mb genome) represents a mini-
mum estimate. The NCC533 strain did not spontaneously
release phages nor were phages released after mitomy-
cin C induction when tested by sensitive PCR assays
(data not shown).
Lj965 prophage
The largest identified prophage sequence was 23 kb
long and comprised 25 open reading frames (orfs), all
encoded on the same strand. Sequence analysis re-
vealed that Lj965 covered the late gene cluster (DNA
packaging, morphogenesis, and lysis modules) from a
typical pac-site temperate Siphoviridae based on its one-
to-one correspondence to similar-size genes in the DNA
packaging and head and tail morphogenesis modules of
pac-site S. thermophilus phages (Lucchini et al., 1998,
1999b; Stanley et al., 1997) and a similar correspondence
o genes next to the lysis module from the pac-site
FIG. 1. Comparison of the DNA packaging, head, tail, tail fiber, and lys
genes in pac-site phages from Streptococcus thermophilus (Sfi11), L. d
phage A118 is given as a further reference (Loessner et al., 2000). Ope
the lengths of the deduced proteins in aa or the name attributed in th
with the same color code; unknown genes are indicated with gray arro
their percentage and BLAST E value (expressed as a decadic logarithm
similarities between proteins of bacteriophages which are not depicted
deduced from previous analysis (Lucchini et al., 1999b).actobacillus delbrueckii phage LL-H (Mikkonen and
latossava, 1994) (Fig. 1). Computer-assisted analysis of
he predicted proteins strongly supported the designa-
ion of a DNA packaging, head morphogenesis and lysis
odule, while the designation of a tail morphogenesis
odule was made on the basis of the similar gene map
nd weaker sequence similarities (Fig. 1).
The leftmost orf 284 from Lj965 predicted a protein
ith significant sequence similarity to a small subunit
erminase from the Bacillus subtilis prophage PBSX,
while the next orf 447 encoded a protein which matched
the likely large subunit terminase of pac-site S. ther-
mophilus phages (Table 1). Orf 500 gp resembled likely
portal proteins from pac-site S. thermophilus and B. sub-
tilis phages (Table 1). The genes following predict a likely
minor head protein and a possible scaffold protein, en-
coded at corresponding map positions in pac-site S.
thermophilus phages (Table 1). The adjacent orf 349
resembled major head genes from pac-site S. thermophi-
us phages, Streptomyces phage VWB, and even E. coli
hages (Table 1). A multiple alignment of the viral pro-
eins from these phages infecting low- and high-GC
ram-positive and Gram-negative bacteria revealed sig-
ificant sequence conservation (Fig. 4). The degree of
equence conservation reflected the evolutionary dis-
ance separating the bacterial hosts (Table 1).
Also, the diagnosis of tail genes in the Lj965 prophage
as backed by sequence matches. Orf 105 gp showed
4% aa identity with the B. subtilis phage SPP1 head
ompletion protein gp 15 located at a corresponding map
osition (Fig. 1). Orf 159, which occupied the map posi-
ion of the major tail gene, encoded a protein which
hared 23% aa identity with the major tail proteins from
oliphages HK97 and N15. In contrast, orf 1433 showed
trong similarity with the putative tail measure protein
rom Lactobacillus phage adh, while orf 482 and orf 977
ps gave significant matches with minor tail proteins
rom Lactobacillus phage LL-H (Table 1) encoded at
orresponding map positions (Fig. 1).
The similarity with the genome organization of Lacto-
acillus phage LL-H continued into the lysis module as
emonstrated by a similar gene map (Fig. 1), significant
equence matches (Table 1), and identical transmem-
rane predictions of orf 117 with the LL-H holin (data not
hown) despite only 27% aa identity.
s in the Lactobacillus johnsoni prophage Lj965 with the corresponding
ckii (LL-H), L. plantarum (phig1e), and Bacillus subtilis (SPP1). Listeria
ng frames are indicated by arrows. The number below the arrow gives
al publication. Corresponding genes in the five phages are indicated
ino acid sequence identity between phage proteins is indicated with
nent). Light blue shading links related proteins. Gray shading indicate
each other. The phage Sfi11 genes are marked with putative functionsis gene
elbrue
n readi
e origin
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298 DESIERE, PRIDMORE, AND BRU¨SSOWLj928 and Lj771 prophages
The 10-kb-long Lj928 prophage sequence resembled,
in its genetic organization, an uncharacterized prophage
sequence in L. lactis S114 (Prevots et al., 1998) with
enes showing matches to DNA replication and DNA
ackaging proteins (Fig. 2). Both prophage sequences
howed small and large subunit terminase genes with
atches to phages from Gram-positive and Gram-nega-
ive bacteria. The putative Lactococcus prophage
howed very close matches to L. lactis phage TP901-1 (F.
ogensen, personal communication). The terminase
ene was followed in both Lj928 and S114 prophages by
portal gene with sequence similarity to pac-site L.
actis and S. thermophilus phages. The 7 kb preceding
he prophage DNA packaging genes showed several
equence links with Lactococcus and Lactobacillus
hages over the DNA replication region. The 7-kb-long
j771 prophage sequence shared sequence similarities
ith the incomplete B. subtilis PBSX prohage and the
actobacillus gasseri phage adh over possible tail fiber
enes and the likely lysis module (Fig. 3).
omparative sequence analysis of pac-site
actobacillus phages
The sequences from the late gene cluster of the pac-
ite L. delbrueckii phage LL-H (Mikkonen and Ala-
ossava, 1994) and the Lactobacillus plantarum phage
hig1e (Kodaira et al., 1997) were retrieved from the
atabase. Both phages shared related DNA packaging
nd head and tail morphogenesis modules except for
FIG. 2. Comparison of putative Lactobacillus johnsoni prophage Lj92
remoris S114 (Accession No. Y11901). Open reading frames are indica
educed proteins in aa. Database similarities are given next to the o
expressed as a decadic logarithmic exponent. The related portal protehort insertion/deletions (intron in LL-H, orf 84 in phig1e)nd the substitution of the major head gene (Fig. 1).
nterestingly, the major head protein from phage phig1e
hared sequence similarity with the major head protein
rom the pac-site B. subtilis phage SPP1 (Becker et al.,
997), but not the corresponding phage LL-H protein (Fig.
). For the remainder of the structural genes, similarity
etween the two phages was limited to a C-terminal
omain in the tail tape measure protein from phig1e
hich was also found in the corresponding protein from
os-site S. thermophilus phage Sfi21 (Desiere et al.,
998). These two pac-site Lactobacillus phages also
hared sequence similarity with the Listeria monocyto-
enes phage A118 over the DNA packaging and head
orphogenesis modules (Fig. 1) (Loessner et al., 2000).
Again, the major head protein from A118 was unrelated
to the corresponding phig1e or LL-H proteins, while it
showed about 20% aa identity with the major head pro-
teins from phages infecting high-GC Gram-positive bac-
teria (mycobacteriophage L5, Streptomyces phage
hiC-31 (Smith et al., 1999)).
With respect to the DNA packaging and head and tail
morphogenesis genes, the L. johnsoni prophage Lj965
appears to belong to a separate evolutionary line of
Lactobacillus phages since its closest relatives were
pac-site S. thermophilus phage Sfi11 (Lucchini et al.,
1999b) and the pac-site L. lactis phage TP901-1 (Johnsen
et al., 1996; F. Vogensen, personal communication). How-
ever, the pac-site B. subtilis phage SPP1 is a linker
between the Lj965/Sfi11/TP901-1 and the phig1e/LL-H/
A118 lines, since it alternatively shares small groups of
ence with a putative prophage sequence in Lactococcus lactis subsp.
a shaded arrow. The number below the arrow gives the lengths of the
th their aa sequence identity in percentages and their Blast E value
es are linked by gray shading.8 sequ
ted by
rfs, witwo adjacent genes with either group (Fig. 1).
a
s
p
299COMPARATIVE GENOMICS OF GENE CLUSTER FROM LactobacillusComparative sequence analysis of cos-site
Lactobacillus phages
Sequence data on the late gene cluster form cos-site
Lactobacillus phages are scarce: only L. gasseri phage
adh has been sequenced entirely (Altermann et al., 1999)
and fragmentary data are available for the Lactobacillus
casei phage A2 (Garcia et al., 1999). Only four genes of
the late gene cluster from phage adh showed sequence
similarity with pac-site Lactobacillus phages. These
were the tail tape measure and a likely tail fiber gene, an
unattributed gene of the lysis module, and the lysin gene
itself (Fig. 5). In contrast, extensive sequence similarity
was shared with DNA packaging and head and tail
genes from the cos-site S. thermophilus phage Sfi21 (Fig.
5). Over this region the best database matches were
nearly always with phage Sfi21. However, sequence sim-
ilarity between Sfi21 and adh was limited to the protein
level. Seven predicted adh proteins shared sequence
similarity with still other phages from low-GC Gram-
positive bacteria (Staphylococcus, Oenococcus, Bacillus)
(Fig. 5).
Interestingly, the putative terminase, portal protein,
and ClpP protease from phage adh showed significant
sequence similarity with phage D3 (Gilakjan and Kropin-
ski, 1999) infecting Pseudomonas aeruginosa, a Gram-
negative bacterium. Five of the nine phage D3 showed
also significant sequence similarity with lambdoid co-
liphages (Fig. 5). A peculiar situation is given for the
FIG. 3. Comparison of the Lactobacillus johnsoni prophage sequenc
and a corresponding genome region in L. gasseri phage adh. In PBSX
l., 1996). In Lj771 and adh open reading frames are indicated by the
hading. Similarities are given with their aa sequence identity in per
rovides a prediction of transmembrane segments for orf 122 from Lj7putative prohead protease and major head gene. Theputative protease of phage D3 is related to that of phage
adh, but not to that of coliphage HK97. In contrast, the
major head protein of phage D3 shared sequence simi-
larity with the corresponding protein from coliphage
HK97 but not phage adh. Notably, the N-terminal part of
the proteolytically processed prohead protein from HK97
(Duda et al., 1995) showed only weak similarity with the
D3 protein, while the C-terminal part representing the
mature head proteins from phages D3 and HK97 shared
strong sequence similarity (Fig. 4) (Gilakjan and Kropin-
ski, 1999).
ClpP-like proteins have now been identified in four
Siphoviridae. A phylogenetic tree analysis demonstrated
that the proteins from the S. thermophilus phage Sfi21
(Desiere et al., 1999a,b), L. lactis phage BK5-T (Boyce et
al., 1995), L. gasseri phage adh, and P. aeruginosa phage
D3 belong to a single branch (Fig. 6). The cellular ClpP-
like proteins from low-GC Gram-positive bacteria includ-
ing L. lactis and close relatives of S. thermophilus (Strep-
tococcus salivarius) and L. gasseri (L. johnsoni) belong to
a distinct branch. Their closest relatives were not the
ClpP-like proteins from their respective phages, but cor-
responding proteins from Gram-negative bacteria.
DISCUSSION
The basic tenets of the modular theory of phage evo-
lution (Botstein, 1980; Casjens et al., 1992) have with-
with the corresponding genes in the Bacillus subtilis prophage PBSX
e below the arrow gives the name attributed in Krogh et al. (Krogh et
n lengths. Genes predicting related proteins are connected by gray
es and their P value (expressed as a decadic exponent). The insert
gesting a holin function.e Lj771
the nam
ir codo
centag
71 sugstood the test of time. However, in the era of large-scale
1300 DESIERE, PRIDMORE, AND BRU¨SSOWDNA sequencing, the theory needs an extension to adapt
new genomics data. A major problem for any sequence-
based theory of phage evolution is the frequent lateral
gene transfers between phages. This is, however, no
longer a specific problem in addressing phage phylog-
eny. The comparative analysis of whole bacterial ge-
nomes has also revealed substantial impacts of lateral
gene transfer events and led to doubts concerning the
construction of bacterial phylogenetic trees based on 16
S rRNA sequences (Doolittle, 1999). Phylogenetic tree
analysis has only recently been applied to bacteriophage
proteins (Bruttin et al., 1997; Gilakjan and Kropinski,
1999) despite the popularity of the technique in other
branches of virology. Many bacterial virologists have
assumed that the modular theory of phage evolution
T
Database Matches for the Predicted Proteins fro
Orf Similarity
284 B. subtilis prophage PBSX, small subunit terminase
B. subtilis, xre region
447 S. thermophilus phage O1205, ORF 26 gp, large subu
Terminase large subunit Listeria phage A118
500 S. thermophilus phage Sfi11, Orf 502 gp
S. thermophilus phage O1205, ORF 27 gp
Lactococcus lactis (Y11901), putative prophage prote
B. subtilis phage SPP1 portal protein
360 S. thermophilus phage Sfi11, Orf 284 gp
S. thermophilus phage O1205, ORF 28 gp
214 S. thermophilus phage O1205, ORF 29 gp
S. thermophilus phage Sfi11, Orf 193 gp
349 S. thermophilus phage Sfi11, Orf 348 gp
S. thermophilus phage O1205 gp, ORF 31, major stru
Streptomyces phage VWB, head protein
E. coli P21
E. coli N15 major head protein
159 E. coli phage HK97, major tail protein
434 Lactobacillus bacteriophage phi adh orf 1487
482 S. thermophilus phage Sfi21, Orf 1560 gp
L. delbrueckii phage LL-H, Orf 360 gp
Lactobacillus phage phig1e, Orf 1608, minor structura
B. subtilis prophage skin, YqbO protein
B. subtilis prophage PBSX, Orf 1332 gp
Staphylococcus aureus phage PVL, orf 16 gp
540 Yersinia prophage, l host specific protein J
Lactobacillus phage phig1e minor structural protein
977 L. delbrueckii phage LL-H, minor structural protein gp
Chlorella virus 1, hypothetical protein
86 S. pneumoniae phage Dp-1 orf 124 gp
135 L. delbrueckii phage LL-H, orf 140 gp
L. gasseri phage adh orf 123 gp
115 L. delbrueckii phage LL-H holin
376 L. gasseri phage adh lysin
L. delbrueckii phage LL-H lysin
S. pneumoniae phage CP-7 lysin
Leuconostoc phage 10MC lysin
Lactococcus phage Tuc2009 lysinprecluded such an analysis. However, frequent lateral ogene transfer events complicate the interpretation of
phage relationships, but they will not preclude the anal-
ysis of the evolutionary relationships between individual
phage proteins. In fact, the phylogenetic trees for phage
proteins provided here and in a previous report (Bruttin et
al., 1997) yielded consistent biological information. In the
case of the phage ClpP-like protein and the phage inte-
grase, streptococcal and lactococcal phage proteins
were the closest evolutionary relatives, followed by lac-
tobacilli phage proteins and then proteins from other
phages. In both cases the similarity extended to adjacent
genes: in the case of the ClpP-like protein it defined
phages with a common prohead processing mechanism,
while in the case of the integrase the tree defined a
branch for Siphoviridae sharing a common organization
Putative Prophage Genes from L. johnsoni Lj965
Identical aa/overaligned aa (%) E value
62/229 (27) 10215
48/150 (32) 10214
inase 104/395 (26) 10224
81/371 (21) 1024
127/446 (28) 10239
123/446 (27) 10238
70/259 (27) 10215
106/480 (22) 1028
39/151 (25) 1028
75/336 (22) 1028
49/169 (28) 1029
48/168 (28) 1029
88/311 (28) 10223
rotein 87/311 (27) 10223
72/305 (23) 1026
66/281 (23) 0.05
65/288 (22) 0.09
28/120 (23) 0.04
114/379 (30) 10223
92/207 (44) 10238
102/257 (39) 10234
in 64/164 (39) 10220
84/278 (30) 10215
77/225 (34) 10214
78/303 (25) 10211
28/129 (21) 0.005
36/126 (28) 0.08
38/118 (32) 1027
160/789 (20) 1024
27/85 (31) —
32/100 (32) 1026
32/108 (29) 1023
27/99 (27) —
184/300 (61) 102101
102/219 (46) 10257
74/213 (34) 10225
65/201 (32) 10218
63/197 (31) 10217ABLE 1
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301COMPARATIVE GENOMICS OF GENE CLUSTER FROM Lactobacillusdistinct branches were attributed to integrases from
l-like and L5-like temperate Siphoviridae (Bruttin et al.,
997) which demonstrated two further distinct organiza-
ions of lysogeny related genes (Lucchini et al., 1999b).
Phylogenetic tree analysis of phage proteins must,
owever, be interpreted cautiously. For example, in mul-
idomain phage proteins the individual domains fre-
uently belong to different evolutionary lineages as seen
or the anti-repressor of dairy phages (Lucchini et al.,
999b). Difficulties can also arise from an uncritical ac-
uisition of sequences from the database. For example,
FIG. 4. Multiple alignment of the major head proteins from S. therm
and E. coli phage l with Lj965 orf 349 gp. Amino acid residues whichrecent phylogenetic analysis of viral dUTPases de- auced a horizontal gene transfer between lactococcal
hage r1t and its Lactococcus host (Baldo and McClure,
999). However, the cited Lactococcus host dUTPase
ene is clearly part of a prophage sequence (Fig. 2). In
act, all three dUTPases identified in the L. lactis genome
roject are found within the five prophage sequences
resent in this dairy strain (Bolotin et al., 1999).
We suggest that the evolutionary history not only of
ndividual phage proteins, but also of entire phage mod-
les, can be retraced by comparative sequence analysis.
he phage head gene cluster is argueably the most
phage Sfi11, Streptomyces venezuela phage VWB (Anne et al., 1995),
entical in at least two positions are shaded in black.ophilus
are idncient phage module and thus a suitable candidate for
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302 DESIERE, PRIDMORE, AND BRU¨SSOWevolutionary analysis. Consequently, we investigated the
morphogenesis module of Lactobacillus phages with a
omparative approach. We identified two major branches
f structural genes in Lactobacillus phages which were
ssociated with their DNA packaging modes (pac-site
nd cos-site packaging). Each major branch of structural
enes from Lactobacillus phages demonstrated close
elatedness with Siphoviridae from evolutionarily related
ow-GC Gram-positive bacteria. In addition, similarity
ith Siphoviridae from Gram-negative E. coli were de-
ected. This applied both to pac-site (major head protein)
nd cos-site (terminase, portal protein, ClpP protease)
actobacillus phages (Fig. 5). Pseudomonas phage D3
FIG. 6. Phylogenetic tree analysis of ClpP-like proteins from the indica
using the Clustal X program (NCBI) and subsequent representation wit
the neighbor-joining method.Gilakjan and Kropinski, 1999) is in this context an inter- tsting link between Siphoviridae from Gram-negative
nd Gram-positive bacteria. Some D3 proteins have links
nly to coliphages (e.g., major head protein), one only to
hages from some Gram-positive phages (ClpP-like pro-
ein); others have links to both groups of phages (e.g.,
arge subunit terminase). Interestingly, D3 phage has
9-extended termini, which was until now limited to
hages from Gram-positive bacteria (Gilakjan and
ropinski, 1999). In addition, phage D3 demonstrated a
ype of head processing now identified in phages from
ram-negative and Gram-positive bacteria. Further evi-
ence for a shared ancestry of the structural gene clus-
er in Siphoviridae from Gram-positive and Gram-nega-
ages, bacteria, and plants. The unrooted tree was derived by alignment
iew. The numbers at the branches give the bootstrap probabilities byted ph
h TreeVive bacteria is provided by the strikingly similar gene
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303COMPARATIVE GENOMICS OF GENE CLUSTER FROM Lactobacillusmap seen in E. coli and S. thermophilus (Desiere et al.,
999a,b; Lucchini et al., 1998). In fact, the two basic head
ene constellations presented by pac-site and cos-site
Siphoviridae from low-GC Gram-positive bacteria re-
called the two basic head building concepts in lambdoid
phages: that represented by coliphage l (a scaffold pro-
ein encoded by a different gene than the major head
ene) and that by coliphage HK97 (a scaffold protein
roteolytically split by a phage-encoded protease from a
rohead protein).
One should keep in mind three fundamental limita-
ions of our analysis. First, when speaking of Siphoviri-
ae one should realize that this term is primarily a mor-
hological description of phages and does not represent
homogeneous group. We therefore specify that the
urrent analysis applies to small isometric head Sipho-
iridae with a genome size of about 40 kb. Second, when
peaking of the structural gene cluster or morphogene-
is module one should not imagine this region as a
omogenous genetic unit extending from DNA packag-
ng to tail fiber genes. The longest cluster of linked genes
hich we could identify by comparative sequence anal-
sis extended from the likely small subunit terminase to
he tail tape measure gene. This cluster was observed
hen comparing both pac-site (LL-H/phig1e) and cos-
ite phages (adh/Sfi21). Several phage comparisons
e.g., Lj965/Sfi11 or LL-H/A118) defined a second smaller
luster of linked genes within this region which ranged
rom the terminase to the major head gene. The regions
lanking the major head gene and a region within the tail
ape measure gene are apparently favored modular ex-
hange points (Sfi11/TP901-1 (Lucchini et al., 1998; F.
ogensen, personal communication) secondary ex-
hange reactions like the isolated head gene exchange
n LL-H/phig1e, Fig. 1). A comparison with the phage
ambda map indicated that the two end points of these
inked gene clusters correspond to the borders of groups
f functionally related genes (modules). A third limitation
f comparative phage genomics and evolutionary anal-
sis is the small number of phage sequences currently
vailable in the database. Screening of bacterial genome
rojects for prophage sequences and their subsequent
nalysis might provide further insight into questions of
hage evolution as demonstrated in this report. How-
ver, additional efforts are necessary. With the current
ase of DNA sequence acquisition, an international con-
ortium interested in bacteriophage evolution should di-
ect efforts toward obtain phage sequences from a set of
hages representing a wide evolutionary distribution of
ultivatable bacteria.
MATERIALS AND METHODS
NA methods
L. johnsoni chromosomal DNA was isolated as previ-
usly described (Delley et al., 1990). One-microgram camples were digested with the restriction enzymes
amHI, SacI, SphI, NheI, KpnI, and MluI. These frag-
ments were ligated into pUC19 digested with the appro-
priate enzymes followed by dephosphorylation and
transformed into E. coli strain XL1-blue (Stratagene
Corp.). Insert containing clones were selected on LB
plates supplemented with 100 mg/ml ampicillin, 5-bromo-
4-chloro-3-indolyl-b-D-galactopyranoside, and isopropyl-
b-D-thiogalactoside. Plasmid DNA was isolated from
white colonies and sequenced using the IRD-800 labeled
sequencing primers (MWG) FOR (59CTGCAAGGCG ATTA-
AGTTGGG39) and REV (59GTTGTGTGGA ATTGT-
GAGCGG39) and the Thermo Sequenase kit RPN2538
(Amersham). The DNA sequence was separated and
base-called using a Li-Cor Model 4000L DNA sequencer.
Sequence analysis
The Genetics Computer Group (University of Wiscon-
sin, Madison, WI) software package was used to assem-
ble and analyze the sequences. Open reading frames
have been predicted using Clonemanager version 5.0
(Scientific & Educational Software) using ATG and GTG
as possible start codons and a minimum size of 90 aa
has been used. Nucleotide and predicted amino acid
sequences were compared to those in the databases of
GenBank release 110; EMBL [abridged], release 58; PIR-
Protein release 60; SWISS-PROT release 37; PROSITE
release 15. Additional database searches have been
conducted using BLAST (Altschul et al., 1997) and PSI-
BLAST (Altschul et al., 1997) at the NCBI and FASTA
(Lipman and Pearson, 1985). Sequence alignments were
done using the MultAlin program (Corpet, 1988),
ClustalW (Thompson et al., 1994), and the SIM alignment
tool (Huang et al., 1990). The phylogenetic tree was
constructed with the Clustal X program (NCBI) and visu-
alized with the TreeView program. Transmembrane pre-
dictions have been done using the TMpred algorithm
(Hofmann and Stoffel, 1993). The Lj965, Lj928, and Lj771
prophage sequences have been submitted to GenBank
under Accession Numbers AF195900, AF195901, and
AF195902, respectively.
We searched the L. johnsoni genomic sequence data-
set with bacteriophage sequences of known Lactobacil-
lus, Lactococcus, Streptococcus, and Bacillus phages
sing the BLAST algorithm. As first screening probes we
sed bacteriophage LL-H, Accession Number M96254
Vasala et al., 1995), bacteriophage SPP1 complete nu-
leotide sequence, X97918 (Becker et al., 1997), B. sub-
ilis DNA (28-kb PBSX/skin element region) Z70177
Krogh et al., 1996), Lactobacillus bacteriophage phig1e
complete genomic DNA, X98106 (Kodaira et al., 1997),
nd S. thermophilus bacteriophage Sfi21, Sfi19, and Sfi11
omplete genomes (Lucchini et al., 1999b).
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